ABSTRACT
INTRODUCTION
The middle and lower reaches of the Yangtze River basin are rich in shallow water lakes, many of which are important freshwater sources of drinking water (Wang and Dou, 1998; Cao, 2000) . With the increase of population and the development of the economy in recent decades, increasingly pollutants (point and non-point sources) such as nutrients and heavy metals have been discharged into these lakes, which are known to have numerous effects on aquatic ecosystems (Qin et al., 2007) . The current annual average total phosphorus (TP) concentration ranges between 30 and 548 mg L -1 , according to a recent study in the region (Yang et al., 2008) . The lakes receive high nutrient inputs and are therefore relatively productive [~86% of the lakes are eutrophic ]. Lake eutrophication has been a concern of local governments and scientists. Long-term lake water data are necessary to understand the process of lake eutrophication and the human impact on lake systems. However, the monitoring data on the lakes across the middle and lower reaches of the Yangtze River, unlike the historical records in China, only extend to the past two decades, and do not record the beginning of the water deterioration.
Lake sediments have proved to be useful in tracking past lake environmental changes because each layer of buried sediments represents a record of environmental conditions at different times in the past. Environmental changes leave geochemical signals in the sediment records of lakes that can be used to infer past lake environments (Last and Smol, 2001; Meyers, 2003) . Total organic carbon (TOC), total nitrogen (TN), total phosphorus (TP) and their composition and ratios in lake sediments have been used to assess the trophic state and organic matter sources in numerous lakes (Brenner et al., 2001 (Brenner et al., , 2006 Liu et al., 2010) . The drawback of these proxies is that they are easily affected by post-depositional processes (Hodell and Schelske, 1998; Ginn et al., 2012) . Stable isotopic carbon and nitrogen (δ 13 C org and δ 15 N) in sediment organic matter (OM) have proved to be effective geochemical proxies of historic changes in a lacustrine trophic state in many studies Hodell, 1991, 1995; Routh et al., 2004) , although bacterial degradation during early diagenesis in the anoxic sediments may change the isotopic signal (Lehmann et al., 2002) .
Sound management of impacted lake basins requires a thorough understanding of both the natural (baseline) sedimentation regime and changes caused by human activities, i.e. pollution history of a lake system. In this study, evidence for the recent eutrophication of Huanggaihu Lake is outlined from an analysis of TOC, TN, TP, δ 13 C org and δ 15 N of a short (86 cm) sediment core from the Yangtze River lake. We also used sediment trace element concentrations and stable lead isotopes to reconstruct the history of environmental contamination at Huanggaihu Lake. The isotopic compositions of lead ores vary depend-N o n -c o m m e r c i a l u s e o n l y ing on the source of lead, which allows the lead isotopic composition to be used to infer lead pollution and sources (Marcantonio et al., 2002; Yang et al., 2007; Cheng and Hu, 2010) . This study demonstrates the utility of geochemical variables to discern natural sediments from those subject to human impacts and explore the historical trophic changes and environmental disturbances in the Huanggaihu Lake system.
METHODS

Study site
Huanggaihu Lake is a shallow, freshwater body (Tab. 1). The TP concentration was high (100 µg L . Located in the middle reach of the Yangtze River Basin, the lake is governed under the Hunan Province and Hubei Province (Fig. 1) . The Pan River and Yanshan River feed into the lake from the southeast and east, respectively. A long river connects the lake to the Yangtze River (Fig. 1) 
Sampling and laboratory analysis
Short sedimentary cores were obtained from the northern part of Huanggaihu Lake using a gravity corer with a Plexiglas core tube 150 cm in length and with a 59-mm inner diameter in May 2011. After being collected, the cores were kept in a vertical position and carefully sectioned in the field. Immediate subsampling can prevent disturbance of the surface sediments during transportation of the whole core sediments. In this study, all sediments were cut in intervals of 1 cm. The subsamples were kept in tightly sealed plastic containers and stored at a temperature of 4°C prior to analyses. The core presented here contains the most intact and least disturbed record (HGH2011-02).
Sedimentation rates were determined from depth profiles of Pb activity higher than 500 Bq kg -1 , the counter error was below 5%.
137
Cs was used to identify the 1963 nuclear weapons peak, which was then used as part of a constant rate of supply (CRS) model to calculate a 210 Pb chronology for the core (Appleby, 2001 ). The CRS model was chosen due to the complexity and heavily impacted nature of the Huanggaihu Lake system.
The dried and ground samples (approximately 0.125 g each) were digested with HCl-HNO 3 -HClO 4 in a Teflon beaker. Elements (Pb, Ag, Cd) were measured using inductively coupled plasma mass spectroscopy (ICP-MS) (7700x; Agilent Technologies, Santa Clara, CA, USA). TP and Ca were measured using inductively coupled plasma atomic emission spectrometry (ICP-AES, Profile DV). Data quality was ensured through the use of duplicates, blanks, and standard reference materials, such as GSD-11, which was supplied by the Chinese Academy of Geological Sciences. Replicates were measured every 10 sediment samples. The recoveries of elements varied, but all fell within the range of 92-106%, and the relative standard deviation (RSD) was better than 5%. The isotopes 206 Pb, 207 Pb and 208 Pb were measured using ICP-MS. An international standard reference material (SRM981-NIST) was selected for calibration. The average measured ratio of 206 Pb/ 207 Pb of the external standard (GBW04426) was 1.1516±0.0009 (for ten replicates). Good agreement was obtained between the measured lead isotope ratios and the certified values for GBW04426 (1.1525).
For the carbon isotope ratios of sedimentary organic matter (δ 13 C org ), the samples were treated with HCl (5%) to remove carbonate (Brodie et al., 2011) . Afterward, the samples were centrifuged, rinsed repeatedly with deionized water until neutral pH was achieved, and freeze dried. An untreated sample was used for analyses of the nitrogen isotope composition of the sediments (δ 15 N). The isotope ratios were determined using a Finnigan MAT Delta Plus mass spectrometer coupled with a Flash EA 1112 elemental analyzer. The results are expressed as the per mil deviation relative to conventional standards (PDB for carbon, AIR for nitrogen). Analytical precision for standards was within ±0.05% for δ 13 C and ±0.15% for δ 15 N. For grain size analysis, approximately 0.5 g of dried samples was pretreated for measurement on a Malvern Laser Grain Size instrument. Prior to analysis, diluted HCl and 10% H 2 O 2 were used to remove carbonate and organic matter, respectively. The TOC and TN contents were measured using a CE440 elemental analyzer (Teledyne Leeman Labs, Hudson, NH, USA).
RESULTS
Chronology and mass sedimentation rate
137 Cs was first detected in the HGH2011-02 core at a depth of 20 to 21 cm, approximately representing its initial appearance in the environment because of atmospheric nuclear weapon tests conducted in the early 1950s. A prominent 137 Cs peak at 14-15 cm could have formed in 1963, when the 137 Cs depositional flux from the atmosphere reached a maximum, and could thus serve as a reliable geochronological marker in depositional environments worldwide (Baskaran and Naidu, 1995) . Pb) activities decreased exponentially with the increase of depth in the core (Fig. 2) . The mass sedimentation rate calculated from the depth interval of 0 cm to 56 cm was approximately 0.27 g cm -2 a -1 (r 2 =0.86) using the CIC (constant initial concentration) model. If this sedimentation rate were constant over the entire length of the core, the age of the 20.5 cm layer (cumu- ) would be approximately the year 1989.
The results of the 137 Cs profile revealed that the CIC model of 210 Pb is not suitable to establish the time sequence for the HGH2011-02 core. When compared with the 1963 137 Cs peak, the 210 Pb CRS age (14-15 cm, dated to the mid-1980s) (Fig. 2 ) was found to be too young, reflecting a decrease in sedimentation rates. The 137 Cs data were therefore used to constrain the 210 Pb data and to produce a composite age model (Appleby, 2001 ). The calculated sediment accumulation rates (SARs) varied markedly over the last 150 years (Fig. 2) . From the 1900s to the mid-20 th century, the SARs rose rapidly and peaked in the late 1930s, after which point they declined through to the top of the core.
Since the 210 Pb ex was only detectable up to a depth of 56 cm (Fig. 2) , the calculation of total mass accumulation rates was restricted to the upper 56 cm of the core. Therefore, only the change in the lake environment and the nutrient input into the lake since approximately 1860 will be discussed in this study.
Total organic carbon, total nitrogen and total phosphorus
Between the bottom and a depth of 18.5 cm, the TOC concentrations were between 0.5% and 0.9% by dry weight, showing a small increase before 39.5 cm and relatively low value between 39.5 and 18.5 cm (Fig. 3) . The TOC started to increase rapidly above 14.5 cm (corresponding to the early 1960s), peaking at nearly 2.5% at the uppermost sediments in the HGH2011-02 core (Fig. 3) . The TN concentration varied at approximately 0.1% before it increased rapidly above 14.5 cm (Fig. 3) . The TOC/TN atomic ratios varied between 5.8 and 9.9, showing a slightly increasing trend before peaking at approximately 21-27 cm. The TP concentration was stable and low, with an average of 744 mg kg -1 before a depth of 14.5 cm. A rapid increase of TP occurred in the upper 14.5 cm sediments.
Carbon and nitrogen isotopic composition
The δ 13 C org values ranged from -26.0‰ to -24.1‰, with the more negative values appearing in the surface sediments (Fig. 3) . The δ 15 N values ranged from 2.5‰ to 7.0‰, showing a quite different pattern when compared with δ 13 C org (Fig. 3 ). In the upper 14.5 cm sediments, the δ 15 N increased while δ 13 C org showed a decreasing trend.
Trace elements and lead isotope ratio
Cadmium, lead and silver started to increase upward at the 14-15 cm layer around the 1960s (Fig. 3) . In recent years, however, the accumulation of these trace elements either decreased or remained the same. Similar to the three trace elements, 206/207 Pb remained stable before it declined upward from 18 cm, finally increasing from 7 cm to the top sediment.
DISCUSSION
Mass accumulation rates can compensate for the effects of dilution. However, sediment accumulation rate data are considerably less precise than the concentration o n l y data especially for shallow lakes, and presenting results as accumulation rates reduces precision. Therefore we did not convert the nutrient and heavy metal concentrations to accumulation rates in this study.
Change of sediment accumulation rate
The higher SARs during the period 1900-1950 reflected the beginning of an increase in the intensity of human activity associated with soil disturbance in the catchment area. During this period, terrestrial material was washed into the lake from surface runoff, as evidenced by the high content of coarse materials and the high TOC/TN value in the period (Fig. 3) . Investigation showed that calcareous soil is mainly distributed around the Yuehan railway (Fig. 1) . The terrestrial material-enriched Ca from the calcareous region was transported into Huanggaihu Lake mainly through the Pan River, which can indicate the high content of Ca during the period 1900-1950 in the Huanggaihu Lake sediments. It is interesting that the Ca profile was consistent with that of the SARs, indicating that the Ca content may be regarded as an indicator of catchment disturbance.
Documented records may give an explanation for why there was severe disturbance in the catchment when the population declined during the 1910s-1940s in the region. In the early period of the Guangxu Emperor (1875), the forest was in pristine condition. During the period 1914-1920, however, many trees along the railway were felled for the construction of the Yuehan railway. During the period 1938-1945, the Japanese invasion period, all the trees were felled in the district under Japanese control (Chorography Compiling Committee of Puqi County, 1995). The precipitation from 1900-1950 was relatively high for the past 100 years (Gong et al., 2001 ). The strong rainfall may have caused more terrestrial material to be transported into the lake, resulting in high SARs. The high sedimentation flux in Huanggaihu Lake was likely related to the strong erosion in the catchment, caused by human activities and high precipitation. The human impact was most likely the dominant factor influencing the catchment erosion and SARs during the 1910s-1940s because the SARs were not high when the precipitation was high from 1990-2000 in the Huanggaihu Lake. The calcareous soil was distributed along or near the railway. During the 1910s-1940s, the high soil erosion most likely accelerated the input of carbonate materials from the eastern part to the lake, leading to higher concentrations of Ca in the sediments during that period.
Human activities influencing sedimentation of Huanggaihu Lake may mainly be the construction of water conservancy facilities around the lake after the construction of water control gate at Tieshanzui. In order to facilitate the agricultural irrigation and flood control, some reservoirs were built in the upper reach of Pan River in 1959-1967, such as Dongyue, Dahe, Longyuan, Shenglong reservoirs (Chorography Compiling Committee of Lingxiang City, 1995). The reservoirs constructed upstream regulated the water flow and retained the largest particles of soil inorganic and organic material before it could reach the Huanggaihu Lake. Previous studies have found that many lakes along the Yangtze River received both soil from the catchments and materials from the Yangtze River during floods when these lakes connected naturally with the Yangtze River. The construction of water control gate at Tieshanzui may also reduce the sediment loading to Huanggaihu Lake and resulted in low SARs in the lake.
Lake productivity
The TOC in lake sediments represents a small portion of the organic matter that escapes remineralization during sediment deposition (Meyers, 2003) . TOC has been widely used to describe the abundance of organic matter and to study the different sources of organic matter, delivery routes, changes in lacustrine palaeoproductivity, preservation and depositional processes (Meyers, 2003; Routh et al. 2004 Routh et al. , 2007 .
The TOC profile in the Huanggaihu sediments (Fig. 3 ) indicates important changes in the organic matter supply. The gradual up-core increase in the TOC concentrations after the 1960s suggests a higher input of organic matter. The increase of population and fertilized farming in the lake catchment since the late 1960s could have accelerated nutrient input in the form of raw sewage and agricultural runoff into the lake.
The main drawback of this interpretation of TOC is the post-burial degradation of organic matter, which could significantly affect the TOC content. The degradation of organic matter can reduce TOC concentrations by as much as 20% in well-oxygenated surface sediments (Routh et al,. 2004 ). Therefore, caution should be taken when interpreting primary productivity using TOC where the sediments were buried in the past few years. However, the TOC profile after the 1960s seems to reflect the changes in lacustrine palaeoproductivity, despite this possible drawback, because of the corresponding geochemical signatures (e.g., δ 15 N and δ 13 C org ) stored in the sediments (discussed later).
Sediment organic matter sources
In general, phytoplankton has a low TOC/TN atomic ratio, between 4 and 10, whereas vascular land plants have a TOC/TN ratio greater than 20 (Kaushal and Binford, 1999; Meyers and Lallier-Vergès, 1999) . Variations in the TOC/TN ratios within the sediment records reflect changes in the contribution of terrestrial or algal organic matter (Kenney et al., 2002) . The TOC/TN ratio is widely used as a proxy to distinguish sedimentary organic matter from aquatic or land sources. However, grain size and organic matter degradation may influence TOC/TN, and make the proxy not strong to indicate organic sources in some condition (Wu et al., 2008) .
Unlike TOC/TN ratios, the δ 13 C org value is less sensitive to sediment grain size and organic matter degradation (Schelske and Hodell, 1995) . The δ 13 C org values of organic matter produced by lacustrine algae are significantly different from organic matter from C4 plants. However, the δ 13 C org values of organic matter from algae or C3 vascular plants are often isotopically indistinguishable (Routh et al., 2004) . Therefore, the combination of TOC/TN ratios and δ 13 C org is necessary in reconstructing the source of organic matter in the historical period.
The TOC/TN atomic ratios in the sediments of Huanggaihu Lake were 5.8-9.9, similar to that of lacustrine organic matter, i.e., 4-10, but considerably lower than the TOC/TN values for terrestrial C3 and C4 plants (Meyers, 1994) . In the sediments of the Huanggaihu Lake core, δ 13 C org values varied between -26.0 and -23.7‰, which is within the range of organic matter from lacustrine algae and land-derived C3 plants. The integration of TOC/TN ratios and δ 13 C org data in Huanggaihu Lake suggest a source of primarily aquatically produced organic matter, whereas terrestrially contributed sources are minor.
The recent TOC/TN ratios were higher when compared to the lower part of the Huanggaihu core, which was also shown in studies of lakes Wuliangsu and Nansi (Liu et al., 2010; Wu et al., 2013) . However, the range of this ratio over the Huanggaihu core was relatively small. After 1960s slightly lower TOC/TN ratios indicated more contribution of algae into organic matter in Huanggaihu Lake sediment. These topmost sediments with the high TOC/TN ratios did not indicate decreased lacustrine productivity or increased allocthonous materials to the Huanggaihu Lake due to the evidence of increasing productivity, relatively small change in TOC/TN ratios and lower sediment accumulation rates (Figs. 2 and 3) . The possible explanation is the increased submergent macrophyte development in the lake because these plants have relatively high TOC/TN ratios (Liu et al., 2010; Wu et al., 2013) . Pb ratio of continental crust and marine sediments, which is approximately 1.2 (Renberg et al., 2002; Cheng and Hu, 2010; Xu et al., 2011) .
Changes in the accumulation of trace elements
Heavy metal enrichment, including Pb, Ag and Cd, occurred after the 1960s (Fig. 3) . This enrichment may have been caused by the following factors: the increase of organic bounded heavy metal as organic matter accumulates, the increase of wastewater/atmosphere input, or the formation of the Fe/Mn oxide fraction. Pb ratio decreased rapidly in association with the sharp increase of the Pb content. If there were no significant anthropogenic input of Pb to the lake, the sediment Pb isotope composition would not change, despite the increased sediment Pb content. The increase of heavy metals after the 1960s was most likely the result of the intensity of human impact in the period, which induced an increase in heavy metal content in the Huanggaihu sediment.
Huanggaihu Lake catchment area is a typical agricultural basin. Phosphate fertilizers contain heavy metals, and the amount is dependent upon the source of the fertilizer, some of which could have significant amounts of metals, particularly Cd as impurities. Farming activities in the area with phosphate fertilizer inputs to land should be the main source of Cd in the lake sediment, in case that the industrial source of Cd around the lake is not clarified. , 1995) . The continuous use of these fertilizers has led to Cd accumulation after about 1950 in the watershed, which was achieved in the Huanggaihu Lake system (Fig. 3) . Similar findings have also been observed in Chaohu Lake catchment at the Yangtze River basin (Shan and Zhang, 2008) . The onset of TP increase lagged behind those of Cd, TOC and TN (Fig. 3) , which was likely due to post-depositional mobility. However, after early 1970s the TP profile can track TOC, TN and Cd contents. C org of sediment organic matter (Torres et al., 2012; Woodward et al., 2012) . The δ 13 C org signature of autochthonous organic matter is affected by the 13 C/ 12 C ratio of the dissolved inorganic carbon (DIC) in lake water that is used for photosynthesis. The high inputs of carbonate materials from the eastern part to Huanggaihu Lake during the 1910s and the 1940s caused higher concentrations of Ca in the sediments (Fig. 3) . Change in the terrestrial material inputs may increase the concentration of DIC. DIC derived from limestone has a higher δ 13 C value (δ 13 C=1‰) than that derived from the dissolution of atmospheric CO 2 (δ 13 C=-7‰) (Keeley and Sandquist, 1992) . The assimilation of limestone-derived DIC by aquatic plants will result in relatively higher δ 13 C values in sedimentary organic matter (Keeley and Sandquist, 1992) . The consistency between the δ 13 C org and Ca contents during the 1910s and the 1940s in core HGH2011-02 indicate the significant influence of dissolved limestone on the isotope signature of either the DIC or accumulated organic matter (Fig. 3) .
The post 1960s decline of δ 13 C org values indicated a contributor of 13 C-depleted organic carbon to the sediments of Huanggaihu Lake. The change of stable carbon isotope signature of the recent sediment organic matter may indicate changes in the relative abundance of macrophytes vs. phytoplankton in Huanggaihu Lake, which was also demonstrated in studies of Lakes Nansihu, Wuliangshuhai and Taihu (Liu et al., 2010; Wu et al., 2007 Wu et al., , 2013 . The investigation in 2007-2008 by the Nanjing Institute of Geography and Limnology, Chinese Academy of Sciences showed that one of the predominant species of algae was cyanobacterial species. Another contribution to the 13 C-depleted organic carbon content in the sediments of Huanggaihu may be the expansion of methanotrophic microbial communities. During the fixation of respired carbon by chemoautotrophic organisms, fractionation effects can be greater than those associated with photosynthesis (Kelley et al., 1998; Hollander and Smith, 2001 ). However, this effect may be minor because the Huanggaihu Lake is very shallow (average water depth of 4.2 m). The water column is well mixed and the sediment surface enriched in oxygen. Anoxia at the bottom of the lake may not be common although the productivity increased in recent decades in the Huanggaihu Lake. The δ 15 N value of sediment organic matter is generally related to the isotopic composition of dissolved inorganic nitrogen (DIN) in the lake. The elevated sedimentary δ 15 N values after the 1960s may result from several factors, including high demand for N when lake productivity enhanced, loading of sewage water and manure to Huanggaihu Lake. As the availability of NO 3 -is depleted, primary producers discriminate less against the heavier 15 NO 3 -, and sediment organic matter incorporates heavier 15 N in Huanggaihu Lake. Algae in the Huanggaihu Lake are limited by P as revealed by the TN/TP ratios indicating other factors may play a role in producing excursions of up to 5‰ in the δ 15 N signatures. For example, anthropogenic N inputs with higher δ 15 N values from sewage effluents may increase the δ 15 N values. Such inputs have occurred due to the rapid population increase in the Huanggaihu catchment after the end of the 1950s. The decrease of δ 15 N in the sediments after 2000 can be interpreted as a minor improvement of the lake's water quality because of the decreasing TP. Unfortunately, there was no continuous monitoring of the water in Huanggaihu Lake to provide data that could be used to test our assumption. 
CONCLUSIONS
